Oral submucous fibrosis (OSF), a chronic progressive scarring disease which characterized by the submucosal accumulation of dense fibrous connective tissue with inflammatory cell infiltration, has been considered as pre-cancerous condition[@b1]. Based on the epidemiological evidence, areca quid chewing is the most important etiological factor for OSF. However, the pathogenic mechanisms of areca nut constituents in areca quid chewing-associated OSF have not been well addressed. Previous studies demonstrated that myofibroblast could play an important role in the pathogenesis of fibrosis[@b2]. Up-regulation of myofibroblast activity has been found in several organ fibrosis, such as liver[@b3], heart[@b4], lung[@b5], and OSF[@b6][@b7]. The expression of α-smooth muscle actin (α-SMA) is positively correlated with severity in OSF tissues[@b6]. Arecoline, the major areca nut alkaloid, could activate the transdifferentiation of oral keratinocytes into myofibroblasts[@b8]. Previously, we have also identified that the treatment of arecoline could induce myofibroblasts activities in human normal buccal mucosal fibroblasts (BMFs)[@b9][@b10][@b11], supporting the crucial roles of myofibroblasts transdifferentiation during the pathogenesis of OSF.

Stage-specific embryonic antigen-4 (SSEA-4), a sialyl-glycolipid, has been shown to play an important role in both stem cell and cancer biology[@b12][@b13]. SSEA-4 is well-known cell surface marker for embryonic stem cells and pluripotent stem cells[@b14]. SSEA-4 is also frequently overexpressed in cancer cells and cancer stem cells[@b15]. SSEA-4 is bio-synthesized from SSEA-3 by β-galactoside α-2,3-sialyltransferase 2 (ST3GAL2). Knockdown of ST3GAL2 impairs cell adhesion and extracellular cell matrix-related molecules including collagen I, collagen IV, chondroitin sulfate, and laminin in DU145 cells[@b16]. ST3GAL2 overexpression is a predictor for poor prognosis of breast and ovarian cancer patients[@b12]. Immunohistochemistry analysis showed that ST3GAL2 expression is highly expressed in high-grade glioblastoma specimens, compared with the normal brain tissue[@b17]. CD44^+^ SSEA-4^+^ oral cancer cells display the characteristics of self-renewal and high tumorigenicity both *in vitro* and *in vivo*[@b15]. Interestingly, sorted SSEA-4^+^ fibroblasts subpopulation from idiopathic pulmonary fibrosis could display mesenchymal stem cells and fibrogenic characteristics[@b18]. However, the functional role of SSEA-4 in OSF still remains unknown.

In this study, we first demonstrate that SSEA-4 expression is significantly increased in areca quid chewing-associated OSF tissues. Arecoline could induce SSEA-4 expression in BMFs. Knockdown of SSEA-4 synthesis could abolish myofibroblast activity in fibrotic BMFs (fBMFs). Therefore, targeting SSEA-4 may be a potential therapeutic approach to suppress myofibroblast transdifferentiation for the pathogenesis of areca quid chewing-associated OSF.

Results
=======

Elevation of SSEA-4 expression in OSF specimens
-----------------------------------------------

To elucidate the clinical significance of SSEA-4 in OSF specimens, we compared the relative expression levels of ST3GAL2 (the rate-limiting enzyme of SSEA-4 synthesis) and SSEA-4 expression between normal buccal mucosa (N) and fibrotic buccal mucosa (F) from OSF ttissues. Initially, real-time RT-PCR analysis demonstrates that mRNA level of ST3GAL2 was higher in F samples but lower in N subjects ([Fig. 1a](#f1){ref-type="fig"}). An increase of ST3GAL2 in primary cultivated fibroblasts from OSF tissues in comparison with pair BMFs subjects ([Fig. 1b](#f1){ref-type="fig"}). Clinical results revealed that ST3GAL2 was positively correlated with α-SMA in the OSF tissues ([Fig. 1c](#f1){ref-type="fig"}). Histopathological evaluation showed that strong SSEA-4 staining in human OSF tissues compared with those in BMF tissues ([Fig. 1d](#f1){ref-type="fig"}). Through examining the 35 OSF specimens, 82.8% and 80% of cases displayed strong expression of SSEA4 and α-SMA as compared with normal mucosal tissues, respectively (P \< 0.05, [Table 1](#t1){ref-type="table"}). The pathogenesis of OSF is highly associated with areca quid chewing. To further examine the effect of arecoline, the major areca nut alkaloid, on SSEA-4 expression in BMFs, BMFs treated with arecoline and the levels of SSEA-4 were measured by flow cytometry analysis. Arecoline treatment dose-dependently elevated SSEA-4 expression in BMFs ([Fig. 1e](#f1){ref-type="fig"}).

SSEA-4^+^ fBMFs displayed stemness and myofibroblast properties
---------------------------------------------------------------

The SSEA-4 surface stemness marker has been used to identify dental pulp stem cells and cancer stem cells[@b14]. With flow-activated cell sorting (FACS) cell sorter, SSEA-4^+^ and SSEA-4^−^ cells from human primary fBMFs were isolated and the sorted purity in fBMFs was further analyzed ([Fig. 2a](#f2){ref-type="fig"}). The colony-forming efficiency of SSEA-4^+^ cells was significantly higher than those of the SSEA-4^−^ cells ([Fig. 2b](#f2){ref-type="fig"}). As shown in [Fig. 2c](#f2){ref-type="fig"}, collagen contractility was readily detectable in SSEA-4^+^ cells but was low or undetectable in SSEA-4^−^ cells. By western blotting analysis, we observed the increased expression of α-SMA and COL1A1 in SSEA-4^+^ cells compared that in SSEA-4^−^ cells ([Fig. 2d](#f2){ref-type="fig"}, [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). Taken together, we hypothesized that the upregulation of SSEA-4 might be crucial for modulating myofibroblast properties in fBMFs.

ST3GAL2 down-regulation repressed collagen contractility in fBMFs
-----------------------------------------------------------------

To further investigate whether SSEA-4 could mediate myofibroblast properties in fBMFs, the approach of loss-of-function of ST3GAL2 was first conducted through lentiviral-mediated knockdown. The knockdown efficiency of ST3GAL2 in fBMFs was validated by real-time RT-PCR analysis ([Fig. 3a](#f3){ref-type="fig"}). Flow cytometry analysis confirmed that silencing ST3GAL2 inhibited SSEA-4 activity in fBMFs ([Fig. 3b](#f3){ref-type="fig"}). Furthermore, in vitro functional assays indicated that the down-regulation of ST3GAL2 significantly reduced collagen contraction capacities in fBMFs ([Fig. 3c](#f3){ref-type="fig"}).

Silencing ST3GAL2 inhibited myofibroblast properties and marker expression in fBMFs
-----------------------------------------------------------------------------------

To further determine the biological functions of SSEA-4 in myofibroblast activity, two fibroblast strains of fBMFs was knockdown by silencing ST3GAL2 expression and cell migration/invasion was monitored by using tanswell system. The migration ([Fig. 4a](#f4){ref-type="fig"}) and invasion ([Fig. 4b](#f4){ref-type="fig"}) capability of fBMFs was significantly higher than those of BMFs. Silencing ST3GAL2 in fBMFs was shown to reverse migration ([Fig. 4a](#f4){ref-type="fig"}) and invasion ([Fig. 4b](#f4){ref-type="fig"}) abilities in fBMFs. To further investigate associations between myofibroblast activity and SSEA-4, we analyzed the wound healing ability in control and ST3GAL2-knockdown fBMFs. The wound healing ability was elevated as compared with the control BMFs cells. Upon ST3GAL2 knockdown, the wound healing ability was decreased in fBMFs ([Fig. 4c](#f4){ref-type="fig"}). Expression patterns of myofibroblast-associated makers including SMA, vimentin, and COLA1 were decreased in fBMFs with ST3GAL2 knockdown by western blotting ([Fig. 4d](#f4){ref-type="fig"}, [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}).

Silencing ST3GAL2 repressed arecoline-induced myofibroblast activities in BMFs
------------------------------------------------------------------------------

Our previous studies have demonstrated that arecoline could induce myofibroblast activities in BMFs[@b11][@b19]. To further investigate whether SSEA-4 plays a role in maintaining arecoline-induced myofibroblastic differentiation activity, loss-of-function of ST3GAL2 was conducted in arecoline-stimulated BMFs. Flow cytometry analyses confirmed that lentivirus expressing both sh-*ST3GAL2* markedly reduced the expression level of arecoline-induced SSEA-4 expression in BMFs ([Fig. 5a](#f5){ref-type="fig"}). Consistently, ST3GAL2 knockdown abrogated arecoline-induced collagen gel contraction ([Fig. 5b](#f5){ref-type="fig"}), invasion ([Fig. 5c](#f5){ref-type="fig"}), and wound healing ([Fig. 5d](#f5){ref-type="fig"}) abilities in BMFs.

Discussion
==========

Mounting evidences have demonstrated that the dys-regulation of stemness marker expression contributes to the pathogenesis of diseases, especially its roles in tumorigenesis[@b20][@b21]. Some aberrant stemness marker expressions such as Bmi1, CD133, or Sox2 have been found to be involved in the progression of fibrosis. Hypoxia activated HIF-1α/Twist-Bmi1 axis promote epithelial-mesenchymal transition (EMT) and renal fibrogenesis[@b22]. CD133-positive cells could drive chronic and acute phases of primary myelofibrosis in mice[@b23]. Sox2-positive skin progenitor cells were found to contribute to bleomycin-induced skin fibrosis[@b24]. Increased Oct-4 and SSEA-4 expressions are demonstrated in keloid tissues compared to normal compartments[@b25]. These reports prompt us to examine whether SSEA-4, a well-known stemness marker, might play an important role in OSF. In this study, we first found that the increased SSEA-4 expression is demonstrated in OSF tissues and arecoline-stimulated BMFs ([Fig. 1](#f1){ref-type="fig"}). Functional lentiviral-mediated knockdown ST3GAL2 could inhibit myofibroblastic differentiation activities and markers expression in fBMFs ([Fig. 4](#f4){ref-type="fig"}) and arecoline-stimulated BMFs ([Fig. 5](#f5){ref-type="fig"}). Our data suggest that the up-regulation of SSEA-4 expression may involve in the pathogenesis of areca quid chewing-associated OSF.

The pathogenesis of OSF is regulated by a mechanism known as EMT[@b26][@b27]. Stromal fibroblasts or endothelial cells or from terminally epithelial differentiated cells that undergo an EMT process to transdifferentiate myofibroblasts. Up-regulation of EMT-related molecules expression, such as plasminogen activator inhibitor-1 (PAI-1)[@b28], insulin-like growth factor-1 (IGF-1)[@b29], NF-κB[@b30], vimentin[@b31], S100A4[@b19], or ZEB1[@b11], is involved in the pathogenesis of OSF. Recently, our studies have demonstrated that ZEB1, a well-known factor in activation of EMT program, binds to the α-SMA promoter and transdifferentiate fibroblasts into myofibroblasts[@b11]. Numerous key profibrotic cytokines components of EMT have been identified, such as transforming growth factor-β (TGF-β), platelet-derived growth factor, and IGF-1[@b32]. TGF-β, a multifunction cytokine, plays crucial roles in EMT program and fibrosis[@b33][@b34][@b35][@b36]. Arecoline could promote the transdifferentiation of human BMFs into myofibroblasts through activating integrin αvβ6/TGF-β1 signaling[@b8]. Areca nut extracts were found to induce TGF-β signaling in primary human gingival fibroblast[@b37]. Recently, flow cytometry analysis has demonstrated that the treatment of TGF-β1 could activate SSEA-4 expression leading to promote EMT program in breast cancer cells[@b12]. It is worthy to investigate that whether SSEA-4 up-regulation is mediated by TGF-β signaling and further manipulate the TGF-β signaling to block SSEA-4 expression and myofibroblastic differentiation.

Conclusively, this study presents the functional role of SSEA-4, a stemness marker, emphasizing its roles in myofibroblast properties during the pathogenesis of OSF. Clinical studies presented OSF tissue with increased expression of SSEA-4 as compared with normal oral mucosal tissues. Therefore, targeting SSEA-4 by ST3GAL2 knockdown ablates myofibroblast transdifferentiation activities and markers expression. The studies support the important role of SSEA-4 in the pathogenesis of areca quid chewing-associated OSF. SSEA-4 could be a therapeutic target for OSF.

Materials and Methods
=====================

Chemicals and reagents
----------------------

Arecoline and collagen solution from bovine skin were purchased from Sigma-Aldrich (St. Louis, MO, USA).

OSF tissues acquirement and immunohistochemistry
------------------------------------------------

Before commencing the study, approval was obtained from the Institutional Review Board of Chung Shan Medical University Hospital, and informed written consent was obtained from each individual (CSMUH No: CS2-16009). All the methods applied in this study were carried out in accordance with the approved guidelines. For immunohistochemistry, formalin-fixed, paraffin-embedded specimens of 15 normal buccal mucosa from non-areca quid chewers, and 35 OSF specimens from areca quid chewers were collected in Department of Dentistry, Chung Shan Medical University Hospital. Tissue samples were spotted on glass slides for immunohistochemical staining. After deparaffinization and rehydration, tissue sections were processed with antigen retrieval by 1X Trilogy (Biogenics, Napa, CA, USA) diluted in H~2~O with heating. The slides were immersed in 3% H~2~O~2~ for 10 minutes and washed with PBS three times. Tissue sections were blocked with serum (Vestastain Elite ABC kit, Vector Laboratories, Burlingame, CA, USA) for 30 minutes, then incubated with the primary SSEA4 antibody. Diaminobenzidine (DAKO, Carpinteria, CA, USA) was then used as the substrate for localizing the antibody binding. Negative controls included serial sections from which either the primary or secondary antibodies were excluded. The preparations were counterstained with hematoxylin, mounted with Permount (Merck, Darmstadt, Germany), and examined by light microscopy[@b11].

Primary BMFs and fBMFs culture
------------------------------

Fibroblasts derived from normal buccal mucosa (BMFs) and fibrotic buccal mucosa (fBMFs) were cultured according to previous criteria and methods[@b19]. Cell cultures between the third and eighth passages were used in this study[@b19].

Quantitative real-time PCR (qRT-PCR)
------------------------------------

Total RNA is prepared from cells using Trizol reagent according to the manufacturer's protocol (Invitrogen Life Technologies, Carlsbad, CA, USA). qRT--PCRs of mRNAs are reverse-transcribed using the Superscript III first-strand synthesis system for RT--PCR (Invitrogen Life Technologies, Carlsbad, CA, USA). qRT-PCR reactions on resulting cDNAs were performed on an ABI StepOne™ Real-Time PCR Systems (Applied Biosystems)[@b20]. The primer sequences listed below:

*ST3GAL2*: 5′-TGGACGGGCACAACTTCATC-3′ and 5′-GGGCAGGTTCTTGGCACTCT-3′; *Gapdh*: 5′-CATCATCCCTGCCTCTACTG-3′ and 5′-GCCTGCTTCACCACCTTC-3′.

Flow Cytometry analysis
-----------------------

Cells are stained with anti-SSEA-4 primary antibody and conjugated to secondary phycoerythrin (Miltenyi Biotech., Auburn, CA, USA) antibody, with labeling according to the manufacturer's instructions. Red (\>650 nm) fluorescence emission from 10,000 cells illuminated with blue (488 nm) excitation light is measured with a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA) using CellQuest software (Becton Dickinson, San Jose, CA, USA)[@b20].

Western blot analysis
---------------------

Western blot analysis was performed by previously described protocols[@b20]. The primary antibodies will be those against α-SMA (1A4), vimentin (9E7E7), and rabbit ployclonal anti-human COL1A1 antibody were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA)[@b20].

Migration and invasion assays
-----------------------------

These assay approaches have been well established in our laboratory and described as previously[@b38].

Lentivirus-based sh-ST3GAL2 knockdown
-------------------------------------

ST3GAL2 small hairpin RNA (ST3GAL2 sh-RNA)-expressing lentivirus or control construct was purchased from Sigma-Aldrich. Lentivirus production was performed by transfection of plasmid DNA mixture with lentivector plus helper plasmids (VSVG and Gag-Pol) into 293T cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Supernatants were collected 48 h after transfection and then were filtered. Subconfluent cells were infected with lentivirus in the presence of 8 μg/ml polybrene (Sigma-Aldrich, St. Louis, MO, USA).

Collagen contraction assay
--------------------------

Cells were suspended in 0.5 ml of 2 mg/ml collagen solution (Sigma-Aldrich, St. Louis, MO, USA) and added into one well of 24-well-plate. Plate was incubated at 37 °C for 2 hours which caused polymerization of collagen cell gels. After detaching gels from wells, the gels were further incubated in 0.5 ml medium for 48 h. Contraction of the gels was photographed and measured using ImageJ software (NIH, Bethesda, MD, USA) to calculate their areas[@b19].

Wound healing assay
-------------------

Cells were seeded into a 12-well culture dish, and then wounds were introduced to the confluent monolayer of cells with a sterile 200 μL plastic pipette tip to create a denuded area. Cell movement into the wound area was photographed at 0 and 24 h under a microscope[@b39].

Statistical analysis
--------------------

Data are presented as mean ± SD. A Student's *t* test or analysis of variance (ANOVA) test was used to compare the continuous variables between groups, as appropriate. The chi-square test or Fisher's exact test was used to compare the categorical variables. *P* \< 0.05 was considered statistically significant.
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![Up-regulation SSEA-4 expression in OSF.\
(**a**) Normal buccal mucosa (N) tissues and fibrotic buccal mucosa (F) lesions were subjected to real-time RT-PCR analysis for the determination relative expression levels of ST3GAL2. (**b**) Real-time RT-PCR analysis demonstrated that ST3GAL2 expression in independent pairs (n = 5) of normal human buccal mucosal fibroblasts (BMFs) and human fibrotic buccal mucosal fibroblasts (fBMFs). (**c**) Positive correlations between SSEA-4 and α-SMA in OSF tissues were analyzed. (**d**) Representative images of normal buccal mucosa (N) tissues and OSF specimen lesions were subjected to histological analysis for the expression levels of SSEA-4. (**e**) BMFs were serum-starved (0.5% FBS) for 48 h and treated with indicated concentrations of arecoline for further 24 h in serum-free medium. The SSEA-4 activity in arecoline-treated BMFs was assessed by flow cytometry and presented as relative fold-changes. \*Represents significant difference from control values with *p* \< 0.05.](srep37004-f1){#f1}

![Increased of stemness and myofibroblast activity in SSEA-4^+^ fBMFs.\
(**a**) The expression of SSEA-4 in sorted fBMFs was analyzed by flow cytometry. To elucidate the capabilities of colony formation (**b**) and collagen contraction (**c**) of SSEA-4^+^ and SSEA-4^−^ fBMFs, single-cell suspensions of fBMFs were plated and analyzed as described in the experimental section. (**d**) Protein levels of α-SMA and COLA1 in SSEA-4^+^ and SSEA-4^−^ fBMFs were examined by western blotting analysis. The amount of GAPDH protein of different crude cell extracts was referred to as a loading control. The original blots are shown in [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}. Error bars correspond to SD. Data shown here are the mean ± SD of three independent experiments. (\*p \< 0.05).](srep37004-f2){#f2}

![The effect of ST3GAL2 on SSEA-4 expression and collagen contractility in fBMFs.\
The silencing effect of SSEA-4 by ST3GAL2 knockdown in fBMFs was validated by real-time RT-PCR^−^ (**a**) and flow cytometry- (**b**). (**c**) fBMF were transduced with ST3GAL2 shRNA lentivirus and embedded into collagen gels. After 48 h, contraction of the gels was photographed and measured using ImageJ software (NIH) to calculate their areas (right panel).](srep37004-f3){#f3}

![The effect of ST3GAL2 on myofibroblast activity and marker expression in fBMFs.\
The sh-Luc.-expressing and sh-ST3GAL2-expressing fBMFs were subjected to *in vitro* migration and invasion assay, and the number of migration (**a**) and invasive (**b**) cells was calculated and is presented as the fold-change relative to sh-Luc.-expressing cells. (**c**) Single cell suspension of fBMFs infected with ST3GAL2-specific shRNA or control sh-Luc lentivirus was analyzed by wound healing assay. (**d**) The protein expression levels of α-SMA and COLA1 in fBMFs infected with ST3GAL2-specific shRNA or control sh-Luc lentivirus were analyzed by western blot. The original blots are shown in [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}. \*P \< 0.05 Sh-Luc.+fBMFs group versus Sh-Luc.+BMFs group; ^\#^P \< 0.05 Sh- ST3GAL2 versus Sh-Luc. group.](srep37004-f4){#f4}

![Depletion of ST3GAL2 repressed arecoline-induced myofibroblastic differentiation activity in BMFs.\
(**a**) The silencing effect of ST3GAL2 shRNA in arecloine-treated BMFs was validated by flow cytometry. Single cell suspension of arecoline-treated BMFs infected with ST3GAL2-specific shRNA or control sh-Luc lentivirus was analyzed for collagen gel contractility (**b**), migration ability (**c**), and wound healing ability (**d**). \*P \< 0.05 Sh-Luc.+arecoline group versus Sh-Luc. group; ^\#^P \< 0.05 Sh- ST3GAL2+arecoline or Sh-2+arecoline versus Sh-Luc.+arecoline group.](srep37004-f5){#f5}

###### SSEA-4 and α-SMA expression in OSF tissues.

             Case Number   Weak   Strong   *P* value
  --------- ------------- ------ -------- -----------
  SSEA-4                                  
   Normal        15         9       6           
   OSF           35         6       29       0.004
  α-SMA                                   
   Normal        15         11      4           
   OSF           35         7       28      0.0302

SSEA-4 or α-SMA expression in human normal buccal mucosa or OSF was determined by immunohistochemistry as described in Materials and methods section. *P* value was calculated by Fisher exact test.
